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In this report, X-ray photoelectron spectroscopy studies have been carried out on Pd, Ag, Cu, Pd-
Ag, and Pd-Cu nanoparticles having identical sizes corresponding to mobility equivalent diameters
of 60, 40, and 20 nm. The nanoparticles were prepared by the gas phase synthesis method. The
effect of size on valence and core levels in metal and alloy nanoparticles has been studied by
comparing the values to those with the 60 nm nanoparticles. The effect of alloying has been
investigated by comparing the valence and core level binding energies of Pd-Cu and Pd-Ag alloy
nanoparticles with the corresponding values for Pd, Ag, and Cu nanoparticles of identical sizes.
These effects have been explained in terms of size induced lattice contractions, alloying induced
charge transfer, and hybridization effects. The observation of alloying and size induced binding
energy shifts in bimetallic nanoparticles is important from the point of view of hydrogen reactivity.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4869437]
I. INTRODUCTION
Palladium is an important material in hydrogen gas sens-
ing, hydrogen production membranes, and hydrogen storage
applications because of its selectivity, low activation energy,
large sticking and diffusion coefficients, and sensitivity
towards hydrogen.1–3 The alloying of Pd with other metals
changes its structural and electronic properties, which can
have significant effect on Pd-H interaction.4 The ordered Pd-
Cu (bulk) structure is reported to have high selectivity
towards hydrogenation of ethylene in comparison with the
disordered Pd-Cu structure.5,6 The binary Pd-M (M¼Cu and
Fe) systems have been identified as promising polymer elec-
trolyte fuel cell (PEFC) cathode electrocatalysts, with
enhanced activity for oxygen reduction reaction (ORR) and
stability as compared to Pd alone.7,8 The origin of the
enhanced activity has been linked to modification of the
electronic structure of Pd upon bonding with the alloying
metal.9 In addition to alloying, the structural and electronic
properties of the Pd can also be tailored by reducing its
dimensions. The Pd nanoparticles have shown better hydro-
genation properties in comparison to their thin film and bulk
counterparts.10–14 The increased surface area and quantum
confinement effects in the nanoparticles alter their electronic
properties, resulting in enhanced activity and specificity of
the catalysts.15 The effect of alloying and size on the elec-
tronic properties of Pd can be clearly understood by synthe-
sizing Pd-alloy nanoparticles with controlled dimensions. In
earlier reports, there have been some efforts towards syner-
gizing the useful effects of alloying and size reduction by
preparing Pd-alloy nanoparticles.16–21 The electronic proper-
ties of Pd-Ag and Pd-Cu alloy nanoparticles have been stud-
ied as a function of composition using the chemical
synthesis routes.16,17,20,21 Sequential or co-evaporation of
the two components using e-beam, thermal heating, sputter-
ing, and laser ablation has been used to prepare Pd-Cu and
Pd-Ag alloy thin films and nanoparticulate layers having
large variations in composition or phase impurity.
Furthermore, size and density of the clusters are controlled
by the deposition time. In the above methods, substrate
effects results in growth of two dimensional alloy nanostruc-
tures or discontinuous films.22 The lack of size and composi-
tion control, which is a stringent requirement for a clear
understanding of size and alloying effects, is the major nag-
ging issue in the above studies. Gas phase growth technique
used in the present study overcomes the above mentioned li-
mitation as the 3D spherical particle growth occurs in a ho-
mogeneous gaseous medium and well formed spherical
nanoparticles are deposited on substrates in the final step
thus avoiding any substrate effects.
In the present study, electronic properties of Pd–Cu and
Pd-Ag alloy nanoparticles having well-defined sizes
(Dm¼ 20, 40, and 60 nm), narrow size distribution, and a
constant composition have been studied. It is important to
note that the effect of nanoparticle size on electronic proper-
ties has been studied by comparing the binding energy values
with those of the corresponding 60 nm size nanoparticles, on
the other hand, the effect of alloying has been understood by
comparing the binding energy values of Pd-Ag, Pd-Cu alloy
nanoparticles with those of the Pd, Ag, and Cu nanoparticles
of identical sizes.
II. EXPERIMENT
An integrated gas phase synthesis set up was used for
the synthesis of Pd, Cu, Ag, Pd-Ag, and Pd-Cu nanopar-
ticles.23,24 The setup consists of a spark generator, a neutral-
izer, a differential mobility analyser (DMA), a sintering
furnace, and an electrostatic precipitator (ESP). The spark
generator is used to produce initial primary nanoparticles
which are converted into loosely connected agglomerate
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structures due to the collisions with each other during their
journey to neutralizer. Neutralizer is a general term used to
describe the equipment for obtaining a known charge distri-
bution of aerosol particles. After charging, the agglomer-
ates are selected according to their electrical mobility using
the DMA. In aerosol technology, DMA is frequently used
to select the particles of certain mobility by varying the
applied voltage and sheath flow conditions. After size
selection, agglomerates are sintered in a horizontal tubular
furnace where they undergo compaction, and finally,
monodisperse, crystalline and spherical nanoparticles are
formed at appropriate temperatures. The positioning of the
sintering furnace after size selection step allows the optimi-
zation of sintering temperature for nanoparticles of differ-
ent sizes. In ESP, nanoparticles are directed towards the
desired substrates and transmission electron microscopy
(TEM) grids, kept perpendicular at a distance of 1.5mm
from the nozzle for the final deposition. The detailed
description of the gas phase synthesis setup can be seen
elsewhere.23,24
For the synthesis of Pd, Ag, and Cu nanoparticles, com-
mercially available aerosol generator (GFG 1000, Palas,
Gmbh, Germany) was modified by replacing both the graph-
ite rods by Pd, Ag, and Cu rods, respectively. The Cu and Pd
rods were used for the synthesis of Pd-Cu nanoparticles,
while Ag and Pd rods were used for the synthesis of Pd-Ag
alloy nanoparticles. Each of the metal rods (Pd, Ag and Cu)
has a diameter of 3.2mm. The distance between the two
electrodes (rods) is kept fixed at 1.8mm using a stepper
motor. The spark frequency was kept fixed at 200Hz, while
a constant flow (2.8 l/min) of nitrogen carrier gas was main-
tained during the synthesis of the nanoparticles. After spark
generator, the carrier gas flow was reduced to 1.0 l/min dur-
ing particle charging in neutralizer, size selection in DMA,
in-flight sintering in the furnace, and deposition in ESP. The
DMA is mainly made up of two concentric metal cylinders,
the inner solid cylinder and the outer hollow cylinder. Outer
cylinder is kept at zero potential, while inner cylinder is kept
a negative potential by connecting it to a high voltage sup-
ply. Three different size selected Pd, Ag, Cu, Pd-Cu, and Pd-
Ag agglomerates having mobility equivalent diameter (Dm)
values of 20, 40, and 60 nm were selected by applying the
voltage of 0.670, 2.564, 5.498 kV, respectively, on the inner
electrode of DMA, The ratio of carrier to sheath gas flow in
DMA was fixed at 1:10. In the sintering furnace, the temper-
ature was optimized for all the three sizes of Pd, Ag, Cu,
Pd-Ag, and Pd-Cu to compact them into crystalline and
spherical nanoparticles. The residence time of the nanopar-
ticles in the sintering furnace is 18 s. It must be mentioned
that over-sintering leads to re-evaporation of the nanopar-
ticles, while under-sintering leads to non-spherical shape.
The Pd and Pd-Ag nanoparticles having Dm values of 20, 40,
and 60 nm were sintered at 500, 700, and 900 C, respec-
tively, while the Pd-Cu nanoparticles were sintered at a little
higher temperature of 520, 720, and 920 C, respectively.
The optimized sintering temperature for Cu nanoparticles
was found to be 410, 540, and 690 C, respectively. The Ag
nanoparticles were sintered at a relatively lower temperature
of 260 C, 340 C, and 440 C, respectively. Finally, in the
ESP, a constant voltage of 1 KeV was applied to the sub-
strate to deposit the sintered nanoparticles.
TEM analysis of the deposited Pd, Ag, Cu, Pd-Ag, and
Pd-Cu alloy nanoparticles was done to study the size and
structural properties using FEI-Technai-G20 with a LaB6 fil-
ament (operated at 200 kV). Glancing angle x-ray diffraction
(GAXRD) measurements at a glancing angle of 2 were car-
ried out to investigate the structural properties using Philips
X’Pert, PRO-PW 3040. X-ray photoelectron microscopy
(XPS) measurements were performed using Model 1257,
Perkin Elmer, USA equipment. Valence and core level spec-
tra of the samples were obtained using Al Ka radiation as the
excitation source after 10min Ar ion cleaning. The binding
energy values were referenced using the C 1 s peak position
at 284.6 eV.
III. RESULTS AND DISCUSSION
In the present study, XPS investigations have been car-
ried out on Pd-Ag and Pd-Cu nanoparticles having Dm values
of 20, 40, and 60 nm and compared with those of Pd, Ag,
and Cu nanoparticles prepared under identical conditions
and having similar Dm values. The TEM micrographs of sin-
tered Pd, Pd-Ag, and Pd-Cu nanoparticles having the initial
Dm value of 20 nm are shown in Fig. 1. It is clear from the
micrographs that nanoparticles are nearly spherical and
monodisperse. The average size (Dg) of the Pd, Pd-Ag, and
Pd-Cu nanoparticles after complete compaction and crystal-
lization on sintering is observed to be 8.9, 9.7, and 10.3 nm
with a standard deviation of 0.53, 0.61, and 0.83, respec-
tively. Furthermore, nanoparticles obtained after sintering
are nearly spherical and monocrystalline in nature as is clear
from the HRTEM micrograph of a sintered Pd nanoparticle
(Fig. 1(d)). The detailed characterizations of the nanopar-
ticles in terms of size, structure, and composition have been
carried out and the results are explained elsewhere.4,24 The
FIG. 1. TEM micrographs of sintered (a) Pd, (b) Pd-Ag, and (c) Pd-Cu nano-
particles having an initial Dm value of 20 nm. HRTEM micrograph (d) of a
sintered Pd nanoparticle (Dg¼ 9 nm) is also shown.
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(111) XRD peak positions of Pd, Ag, Cu, Pd-Ag, and Pd-Cu
nanoparticles were observed to shift towards higher 2h val-
ues (lower d-values), indicating a lattice contraction of 0.23,
0.29, 0.25, 0.20, and 0.26%, respectively, on decreasing the
size (Dm) from 60 nm to 20 nm. The observed lattice contrac-
tion in the nanoparticles can be attributed to the enhanced
surface area and surface bond contraction with coordination
number reduction at lower particle size. The lattice contrac-
tion in Au, Sn, Ni, and Bi nanoparticles has been reported on
decreasing the particle size.25–28 Energy dispersive x-ray
analysis (EDAX) was used to obtain the composition of
Pd-Ag and Pd-Cu nanoparticles having Dm values of 20, 40,
and 60 nm. The Pd/M (M¼Ag and Cu) atomic ratio is found
to be fixed at 55:45 and 68:32 in Pd-Ag and Pd-Cu nanopar-
ticles, respectively, for all the three sizes (Dm¼ 20, 40, and
60 nm).
In this study, the effect of nanoparticle size has been
determined by comparing the XPS peak positions of Pd, Cu,
Ag, Pd-Ag, and Pd-Cu nanoparticles of different sizes with
those of the nanoparticles of 60 nm size. Similarly, effect of
alloying has been determined by comparing the binding
energy values of Pd-Ag and Pd-Cu alloy nanoparticles hav-
ing Dm values of 60, 40, and 20 nm with those of Pd, Ag, or
Cu metal nanoparticles of identical sizes. The XPS core level
binding energy spectra of Pd, Ag, and Cu nanoparticles hav-
ing Dm values of 60 nm are shown in Figs. 2(a)–2(c). In case
of Pd, Ag, and Cu nanoparticles, Pd3d5/2, Ag3d5/2, and
Cu2p3/2 core level binding energy peaks lie at 335.35 eV,
367.90 eV, and 931.36 eV, respectively. The above values
match closely with the earlier reported bulk values.29–31 It is
observed that Pd 3d5/2, Ag 3d5/2, and Cu2p3/2 core level
peaks are asymmetric towards the high binding energy side,
which may be due to the adsorbed surface oxygen or large
fraction of surface atoms in the nanoparticles. The above
effects will result in the binding energy increase and hence a
tail may appear on the high binding energy side. Pd3d5/2,
Ag3d5/2, and Cu2p3/2 core level peak positions of Pd, Ag,
and Cu nanoparticles having Dm values of 20 and 40 nm
were also calculated from the XPS core level spectra. The
shift in the binding energy value (DES) of Pd 3d5/2, Ag
3d5/2, and Cu 2p3/2 core levels on decreasing the size of Pd,
Ag, and Cu nanoparticles is shown in Fig. 2(d). It is impor-
tant to mention that DES is the shift in binding energy value
of the nanoparticles on decreasing the size with respect to
the corresponding binding energy of the 60 nm sized nano-
particles. It can be observed that at 40 nm size DES is very
less and it increases on further decreasing the size of the
nanoparticles to 20 nm, indicating an increase in binding
energy on decreasing the nanoparticle size. In earlier reports,
increase in binding energy on decreasing the crystallite size
of Ag, Cu, and Sn crystallites in vacuum evaporated thin
films has been reported.32–34 The XRD results reported else-
where show that increase in binding energy on decreasing
the particle size may be attributed to decreased lattice param-
eter.31 It has been shown that lattice distortion alters the
chemical bonding, which in turn leads to changes in the core
and valence band binding energies.33 Mason et al. argued
that changes in the electron configuration of the atoms in
smaller clusters are primarily responsible for the shift.35
Furthermore, shift in binding energy is related to the lattice
strain that exists because the average bond distances in small
clusters are shorter than in the bulk.36,37 The chemical
changes important for the binding energy shift involve an
increased d to sp promotion (or hybridization) for shorter
bond distances, resulting in the increased binding energy.33
Smaller nanoparticles (Dm¼ 20 nm) have lower value of lat-
tice constant with respect to their bulk counterparts, while
values for larger size nanoparticles (Dm¼ 60 nm) approach
FIG. 2. XPS core level spectra of (a)
Pd, (b) Ag, and (c) Cu nanoparticles
(Dm¼ 60 nm). (d) Shift in binding
energy (DES) as a function of the nano-
particle size.
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the bulk value. Thus, the increase in binding energy on
decreasing the size in Pd, Ag, and Cu nanoparticles is con-
sistent with the observed lattice contraction.
The Pd4d, Ag4d, and Cu3d valence band spectra of Pd,
Ag, and Cu nanoparticles having Dm¼ 60 nm are shown in
Figs. 3(a)–3(c). It can be seen that Pd4d extends from
nearly 2 to 10 eV, Ag4d extends from 0 to 10 eV and
Cu3d extends from 0 to 5 eV. The centroid of Pd4d, Ag4d,
and Cu3d lies at 2.39, 4.78, and 2.28 eV, respectively,
which are close to the reported bulk values.32,38,39 In addi-
tion, centroid positions of valence band spectra of Pd, Ag
and Cu nanoparticles having Dm¼ 20 and 40 nm were also
calculated. The change in centroid position (DES) in Pd4d,
Ag4d, and Cu3d on decreasing the size is shown graphically
in Fig. 3(d). It can be seen that in 40 nm particles DES is
appreciable, especially in Cu (DES¼ 0.1 eV). On further
decreasing the particle size to 20 nm, DES increases, indi-
cating that valence band centroid shifts away from the
Fermi energy. It may be noted that although the trend of va-
lence band shift is similar to that observed in core levels
but the magnitude is relatively large. This indicates that in
metals, lattice distortion effects are dominant in valence
band binding energy values in comparison with the core
level binding energy values. Valence bands take part in
bonding and any effect on bond length, disorder, or coordi-
nation number influence valence band binding energy more
in comparison to core levels.
The Pd3d5/2, Cu2p3/2, and Ag3d5/2 core level spectra
corresponding to 60 nm sized Pd-Ag and Pd-Cu alloy nano-
particles are shown in Fig. 4. It is observed that Pd3d5/2 and
Cu2p3/2 core level peaks in Pd-Cu nanoparticles lie at
335.15 and 931.53 eV, respectively. The Pd3d5/2 and
Cu2p3/2 core level peak positions in Pd-Cu alloy nanopar-
ticles are shifted by 0.20 eV and 0.17 eV in comparison
with the corresponding bulk values of Pd and Cu metals,
which may be attributed to the alloy formation. The observed
–ve shift in Pd3d5/2 and þve shift in Cu2p3/2 indicate
charge transfer from Cu to Pd. Because of the charge transfer
resulting from the electronegativity differences, binding
energy values of the constituent elements shift in the oppo-
site direction. Pd is more electronegative (2.2) than Cu (1.9),
which results in the charge flow from Cu to Pd on alloying,
and hence, the binding energy of Pd decreases while that of
Cu increases. In case of Pd-Ag nanoparticles having
Dm¼ 60 nm, Pd3d5/2 and Ag3d5/2 core level peaks in
Pd-Ag nanoparticles lie at 335.25 and 367.34 eV, respec-
tively. These values exhibit a shift of 0.1 eV and 0.56 eV
with respect to the corresponding Pd and Ag bulk values. In
the context of the simple electronegativity picture, charge
transfer would be expected from Ag to Pd upon alloying,
since Pd is more electronegative than Ag. Although this
argument works well for compounds of non-transition ele-
ments, it is generally not valid for metallic alloys with full or
nearly full d-bands.40,41 In particular, it is observed that the
3d core level shifts of both Ag and Pd have the same sign.42
Abrikosov et al. have explained this behaviour in terms of
intra-atomic charge re-distribution due to valence electron
hybridization.42 Thus, the observed –ve shifts of 0.1 eV and
0.56 eV in Pd3d5/2 and Ag3d5/2 with respect to the corre-
sponding Pd and Ag bulk values indicate the alloy formation
in Pd-Ag nanoparticles having Dm¼ 60 nm. The shift in the
binding energy value (DES) of Pd 3d5/2, Ag 3d5/2, and Cu
2p3/2 core levels on decreasing the size of Pd-Ag and Pd-Cu
nanoparticles as a function of size is shown in Figs. 5(a) and
FIG. 3. XPS valence band spectra of
(a) Pd, (b) Ag, and (c) Cu nanopar-
ticles (Dm¼ 60 nm). (d) Shift in bind-
ing energy (DES) is shown as a
function of nanoparticle size.
124301-4 Sengar, Mehta, and Govind J. Appl. Phys. 115, 124301 (2014)
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
14.139.60.97 On: Wed, 22 Oct 2014 10:40:52
5(b). It is evident that as we decrease the size of the Pd-Cu
and Pd-Ag alloy nanoparticles, DES increases which means
that binding energy increases. Since the composition is simi-
lar for all the particle sizes in both the Pd-Cu and Pd-Ag
nanoparticles, the increase in binding energy may be attrib-
uted to the decrease in lattice parameter. Earlier also shift in
core level binding energies on decreasing the cluster size is
reported in Pd-Cu and Pd-Ni clusters prepared by the physi-
cal evaporation techniques.43,44 It must be noted that the val-
ues of DES increase faster in Pd-alloy nanoparticles in
comparison to Pd, Ag, and Cu metal nanoparticles. This indi-
cates that size induced effects leading to bond length con-
traction which result in redistribution/hybridization of
valence charges, are dominant in alloys in comparison to
metal nanoparticles.
The valence band spectra of Pd-Ag and Pd-Cu alloy
nanoparticles having Dm¼ 60 nm are shown in Figs. 6(a)
and 6(b). It is evident that the valence band spectrum of
Pd-Ag extends from 2 to 10 eV while that of Pd-Cu
extends from 1 to 9 eV. In Pd-Ag alloy nanoparticles, va-
lence band has two contributions corresponding to Pd4d and
Ag4d, as shown in Fig. 6(a). Similarly, in Pd-Cu alloy nano-
particles, valence band has two contributions corresponding
to Pd4d and Cu3d. The centroids of the Pd4d and Ag4d in
Pd-Ag nanoparticles lie at 2.11 eV and 4.82 eV while those
of Pd4d and Cu3d in Pd-Cu nanoparticles lie at 1.99 eV and
2.54 eV, respectively. Furthermore, the centroid positions of
the Pd4d and Ag4d valence contributions in Pd-Ag nanopar-
ticles and Pd4d and Cu3d valence contribution in Pd-Cu
nanoparticles having Dm¼ 20 and 40 nm were also calcu-
lated. The shift in valence band binding energy (DES) on
decreasing the size of Pd-Ag and Pd-Cu nanoparticles is
shown in Figs. 6(c) and 6(d). It is observed that DES
increases on decreasing the size. This trend of increase in
DES in the valence bands of Pd-Ag and Pd-Cu is similar to
that observed in core levels but is larger in magnitude. The
above again confirms that lattice distortion influences va-
lence band binding energy values more in comparison with
core level binding energy values.
By comparing the binding energy values in Pd-Ag and
Pd-Cu nanoparticles with those of the Pd, Ag, and Cu nano-
particles having similar sizes, the effect of alloying (DEa) on
FIG. 5. Shift in binding energy (DES) as
a function of nanoparticle size in (a)
Pd-Cu and (b) Pd-Ag alloy nanoparticles.
FIG. 4. XPS core level spectra of (a)
and (b) Pd-Cu and (c) and (d) Pd-Ag
alloy nanoparticles (Dm¼ 60 nm).
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core level and valence band binding energy values has been
determined. It may be noted that DEa is the shift in core lev-
el/valence band peak position in Pd-Cu and Pd-Ag nanopar-
ticles with respect to the corresponding position in Pd, Cu,
and Ag nanoparticles having similar size. Fig. 7 exhibits the
variation in DEa as a function of size. In Pd-Cu nanopar-
ticles, DEa is –ve for Pd3d5/2 and þve for Cu2p3/2. It is also
observed that the DEa decreases (in magnitude) for Pd3d5/2
and increases for Cu2p3/2 on decreasing the size (Fig. 7(a)).
Similar behaviour in valence bands of Pd-Cu nanoparticles is
also observed (Fig. 7(b)). DEa for Pd4d is –ve and decreases
(in magnitude) while for Cu3d, DEa is þve and increases on
decreasing the size (Fig. 7(b)). Furthermore, the magnitude
of DEa for valence levels is larger in comparison with core
levels. The alloying induced binding energy shift (DEa) in
core level and valence band of Pd-Cu nanoparticles can be
explained on the basis of charge transfer on alloying due to
electronegativity differences. Since the core levels are rela-
tively compact and are generally assumed not to take part in
the bonding, charge transfer is expected to affect valence
level electrons more in comparison with core levels, and
hence, DEa for valence levels is in general more than that of
FIG. 7. Shift in binding energy (DEa)
on alloying as a function of size in
core levels [(a) and (c)] and valence
bands [(b) and (d)] in Pd-Cu and
Pd-Ag alloy nanoparticles.
FIG. 6. XPS valence band spectra of
(a) Pd-Ag and (b) Pd-Cu alloy nano-
particles (Dm¼ 60 nm). The shift in
binding energy (DES) as a function of
nanoparticle size in (c) Pd-Ag and (d)
Pd-Cu alloy nanoparticles.
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core levels. Similar trend of core level shift in Pd-Cu nano-
particles (increase in the magnitude of DEa on decreasing the
particle size) is reported on decreasing the Pd concentration
in Pd-Cu bulk alloys.45 In Pd-Ag nanoparticles, DEa for both
the Pd3d5/2 and Ag3d5/2 is –ve and their magnitude
decreases with reduction in nanoparticle size (Fig. 7(c)). In
contrast to core levels, DEa is –ve for Pd4d and þve for
Ag4d valence bands and decreases (in magnitude) for Pd4d
while increases in Ag4d on decreasing the size (Fig. 7(d)).
The sign and magnitude of DEa in Pd4d and Ag4d indicate
that it is due to electron transfer but DEa in Pd3d5/2 and
Ag3d5/2 has the same –ve sign which cannot be explained
on the basis of electron transfer. The –ve value of DEa in
both the Pd3d5/2 and Ag3d5/2 has been explained by
Abrikosov et al. on the basis of charge re-distribution due to
alloying.42 Furthermore, a similar increasing trend of core
and valence level shifts (increase in the magnitude of DEa on
decreasing the particle size) is reported in Pd-Ag bulk alloys
on decreasing the Pd concentration.42 In alloys, the change
in binding energy (DEa) is mainly because of interatomic
charge transfer (due to electronegativity difference) and
hybridization. In hybridization, intra-atomic charge
re-distribution takes place. Both the change in composition
and the decrease in particle size result in intra-atomic charge
re-distribution or hybridization.33,42 The effect of hybridiza-
tion is reported to increase on decreasing the size in metals
or changing the alloy composition.33,42 In the present study,
alloy composition is constant at all the particle sizes. The
effect of hybridization has been removed by subtracting the
metal binding energies of the same size metal nanoparticles.
The observed increase in DEa on decreasing the size of
Pd-Ag and Pd-Cu nanoparticles indicates that the effect of
hybridization is stronger in alloys in comparison to metals at
lower sizes.
IV. CONCLUSIONS
The size selected metal and alloy nanoparticles having
Dm values of 20, 40 and 60 nm were successfully prepared
by the gas phase deposition method and their XPS studies
were carried out. The binding energy values in Pd, Ag, and
Cu metal nanoparticles show an increase in magnitude due
to size induced lattice contraction. Increase in binding
energy is larger in valence band in comparison with core lev-
els. Similar trend of increase in binding energy value on
decreasing the size is observed in Pd-Ag and Pd-Cu alloy
nanoparticles; but the magnitude is larger in comparison
with metal nanoparticles. In case of Pd-Cu nanoparticles, op-
posite sign of binding energy shift for Pd and Cu peaks is
consistent with the charge transfer due to electronegativity
difference. In case of Pd-Ag nanoparticles, alloying induced
shift is due to the hybridization effects. It is also observed
that hybridization effects are strong in alloy nanoparticles in
comparison to metal nanoparticles at lower sizes.
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